Abstract: Genomic instability can cause a wide range of diseases, including cancer and cellular senescence, which is also a major challenge in stem cell therapy. However, how a single event can cause extremely high levels of genomic instability remains unclear. Using our developed method, cell in situ electrophoresis (CISE), and models of normal, cancer, and embryonic stem cells, we found that cell rounding as a catastrophic source event ubiquitously observed in vivo and in vitro might lead to large-scale DNA deprotection, genomic instability, chromosomal shattering, cell heterogeneity, and senescent crisis by dissociation of single-stranded DNAbinding proteins (SSBs). Understanding the mechanism may facilitate the development of clinical strategies for cancer therapy, improve the safety of stem cell therapy, and prevent pathological aging.
experimental confirmation of the theoretical hypothesis is a solid challenge because of the lack of methods to examine the binding states of SSBs under conditions in which cellular prestress remained intact. To this end, we developed a nondestructive approach to test and verify the mechanism, which may facilitate clinical applications. To achieve this goal, we choose POT1, RPA70, and RPA32 as tested objectives; RPA14 was excluded owing to the lack of commercial availability of an anti-RPA14 antibody. Additionally, human fetal lung fibroblasts (HFLFs) and mouse embryonic fibroblasts (MEFs), HeLa cells, and mouse embryonic stem cells (mESCs) were chosen as models of differentiated normal somatic cells, tumor cells, and totipotent stem cells, respectively. To test the effects of cell rounding on nuclear reduction, all of the cells were canonically trypsinized for passage and experimental examination. To test the binding states of SSBs in a nondestructive manner, we developed a novel approach (see Supplemental Materials and Methods), called cell in situ electrophoresis (CISE; Fig. 1A) , in which the unbound SSBs were separated from the integral cells. After CISE, the tested cells were pooled together, and the remaining SSBs in the cells, which represented the bound SSBs, were examined by flow cytometry (FCM). As the first step of using this combined method, we detected the binding states of RPA70, RPA32, and POT1 in HFLFs, HeLa cells, and mESCs. The results showed that the binding levels of the SSBs in rounding HFLFs were obviously lower (Fig. 1B) , suggesting that the nuclear compaction caused by the cell rounding could make SSBs dissociated from their bound DNA. In contrast, no significant changes in the SSB binding states were observed in HeLa cells and mESCs compared with those in HFLFs (Fig. 1B) . This result could be explained by the global nature of cancer and embryonic stem cells, which have relatively larger nuclei than the differentiated normal somatic cells (11) (12) (13) (14) even after they become rounding. The changes in nuclear sizes before and after rounding are shown in Fig. 1C . To verify the source role of microtubules in generating compaction force of determining nuclear size and binding state of SSBs, we applied an anticancer drug, vincristine (VCR), as a tool to alter the functional states of microtubules. The effect of VCR on targeting microtubule dynamics can increases the nuclear size by disassembling microtubules (15) . As anticipated, VCR-treated HFLFs remained enlarged nuclear size after rounding ( Fig. 2A) . This was consistent with the observation that the microtubule system plays a key role in controlling nuclear size (16, 17) . More importantly, the changes of nuclear size also determined the corresponding changes of the binding states of the SSBs (Fig. 2B) . However, the VCR treatment had no further significant effect of enlarging nuclear size and bound SSBs on mESCs ( Fig. 2C  and 2D ), which remained similar to the cells without VCR treatment (Fig. 1B and 1C ).
To further investigate the functional states of microtubules in differentiated and undifferentiated cells, we tested the effects of VCR on MEFs which are homologous with mESCs. The results showed that the MEFs with VCR treatment presented no significant nuclear compaction after rounding (Fig. 3A and 3B) , which was similar to the effect of VCR on HFLFs ( Fig. 2A and 2B ). However，the effect of VCR on the nuclear enlargement and the binding state of SSBs could not be reflected in the undifferentiated cells, mESCs, due to their already possessed nature of no nuclear compaction after rounding (Fig. 2C and 2D ). All of these suggest that the assembly of microtubules, as a modulator for stemness, may play a key role in determining the states of differentiation, because the qualitative abnormality of microtubules are deadly for mitotic cells. In addition, the state of microtubules as a key factor may also take part in forming the cascade of causality for genomic stability. Indeed, a recent study presented that HeLa cells typically exhibit high genomic stability (18) , which may be explained by the above experimental results that the cells without nuclear compaction after rounding can prevent dissociation of SSBs and their bound DNA. Since SSB binding is a vital process for DNA replication and maintenance, loss of protection of POT1 causes immediate genome instability (1, 2) . Therefore, events causing dissociation of SSBs in replicating cells may cause cellular genetic disorders and senescence. In order to examine the effects of such events, i.e., rounding, on cell replicative senescence, we applied a canonically experimental model designed by Hayflick to test cell senescence in vitro (19, 20) , except that the passage time was modified to twice per day (Fig. 4A) . The results demonstrated that the HFLFs became senescent and died after only about seven population doublings (PDs; Fig. 4A-C) . This PD number is much shorter than that (~50 PDs) of the Hayflick limit (19, 20) . Interestingly, the passage number experienced by both our HFLFs and Hayflick's from the beginning of culture to the dominant senescence was almost the same (~50). However, our culture duration (~0.8 months) from the beginning of culture to the dominant senescence was much shorter than that of Hayflick (~5-6 months). Moreover, based on the theory of telomere shortening with every PD (21), the number of telomere shortening events in the cells of our experiment was much less than that of Hayflick, theoretically. These data indicated that rounding as a source event played a key role in senescence in differentiated normal somatic cells in vitro. This hypothesis is further supported by our experiments showing that the broken chromosomal segment and aneuploid karyotype (Fig. 4D-G ) appeared in the HFLFs after only five passages, implying the occurrence of chromosomal instability, a type of genomic instability. Furthermore, our experiments showed that the chromosomal heterogeneity of the HFLFs appeared within the short senescent course (Fig. 4D-G) . These data can also explain why telomerase-expressing mouse embryo cells with longer telomeres still exhibit cellular crises (22, 23) similar to that of HFLFs in vitro. These results may be essential for understanding tumorigenesis and senescence. Taken together, our results demonstrated the machinery of MIGI, in which cell rounding acts as the initiating event, microtubules function as the driving and switching gear, and SSBs act as the modulating factor. Thus, the components of this machinery suggest that the nonphysiological cell rounding ubiquitously involved in various inflammations (8) in vivo and in cell culture in vitro, including the processes of cell differentiation and expansion for stem cell therapy, may be an important cause of genomic instability and cell senescence for normal somatic cells. Additionally, the experimental data for aneuploidy and DNA shattering may also provide clues for elucidating the mechanisms of heterogeneity, chromothripsis, and kataegis (24) (25) (26) (27) (28) , which are related to cancer progression, drug resistance, metastasis, recurrence, and patient prognosis. In contrast to normal somatic cells, cancer and embryonic stem cells may avoid catastrophic cell senescence through enlargement of nuclear size, which is a hallmark of these cells (24) . These results have important implications for clinical practice. For example, the family of microtubuletargeting chemicals, such as VCR, taxel, and their derivatives, which are routinely used as anticancer drugs in clinical chemotherapy, may become factors for cancer cell's escaping from deadly MIGI; this feature may further facilitate the optimization of chemotherapy strategies. In addition, for the safety of stem cell therapy (29, 30) , common passage methods for cell differentiation and expansion need to be improved so as to reduce the risk of MIGI. Furthermore, understanding the machinery is helpful for revealing the mechanisms underlying some biological activities, such as tumorigenesis and retroviral mutations, which may be involved in the MIGI. In addition, the CISE as a nondestructive detection method may also be applied to investigate the binding states of other DNA-binding partners (see the step by step procedures in the Supplemental Materials and Methods). confluent growth covering the culture dish bottom, the completed PD and passage numbers were recorded as the cells' dominant senescence point.
Drug treatment of the cells
Vincristine (Zhejiang Hisun pharmaceutical Co., Ltd) were used to modulate the assembly and disassembly of microtubules in the HFLFs, MEFs, HeLa cells and mESCs, respectively. The final concentration of Vincristine in the medium is 100ng/ml. The treatment time with Vincristine was 1.5hrs.
Cell proliferation examination
The proliferation of HFLFs at passage 5 and passage 65 were examined, respectively, with Click-iT ® EDU Imaging Kits (C10337, Invitrogen). The procedure was according to the instruction manual of the Kits. The EDU labeling time was 1 hr.
Nuclear staining and microscopic imaging
For staining spreading cells, the experimentally treated cells growing in a 3-cm dish, at exponential phase, were washed with PBS for two times. Then, the cells were covered with 1 ml of Hoechst 33342 solution (Invitrogen, 5μg/ml in PBS) for 30 min, at room temperature, in protection from light. After two washes with PBS, the cells were examined under a Nikon TE300 microscope. For staining rounded cells, the experimentally treated cells growing in a 3-cm dish, at exponential phase, were collected in a 1-ml tube, by the canonical trypsinization. Then, the cells were stained with 1 ml of Hoechst 33342 solution for 30 min. After two washes with PBS, the cells were suspended with 200μl of PBS and microscopically examined by dropping the cells on slides.
Karyotyping analysis
Karyotypes of HFLFs with passage 2 and 5 were analyzed as described previously (32) . Nocodazole was used for mitotic arrest. The final concentration is 0.1 μg/ml. And the incubation time is 1.5 hrs.
